Introduction veritable TATA box consensus, and the fact that TBP is required at genes lacking a TATA box make the task The TATA box plays an important role in assembling of distinguishing functional TATA boxes from irrelevant the transcription machinery at promoters (Benoist and TATA-like sequence nontrivial. Our strategy centered Chambon, 1981). Chromatin might keep TATA boxes around the imposition of several loose constraints under generally inaccessible until promoter bound activators which a TATA box sequence is expected to operate, modify local chromatin structure (Struhl, 1999) . It is now the rationale for which is presented in the Experimental becoming clear that transcriptional activators in coordi-Procedures. These constraints include a maximum senation with the local chromatin structure recruit the quence length ( DNA binding surface (coregulation). 1024 8-mer se-1996). Turning off gene expression is equally critical, and quences of the minimal consensus were surveyed as involves a variety of factors that reverse transcription described in the Experimental Procedures. Several were complex assembly. Two factors in particular, NC2 and deemed significantly enriched in the promoter region by Mot1, directly inhibit TBP function. these location, conservation, and coregulation criteria Not all promoters contain a TATA box. These so-called ( Figure 1A) . The rank order of all 1024 sequences can TATA-less promoters nevertheless require TBP for funcbe found in Supplemental Tables S1A-S1C (available at tion (Pugh and Tjian, 1991) . Since promoters that contain http://www.cell.com/cgi/content/full/116/5/699/DC1), a TATA box depend upon it, TATA-containing and TATAand a summary of selected sequences is presented in less promoters might direct distinct pathways for as- Table 1 . Four sequences were highly significant by each sembling TBP. Paradoxically, while the use of a TATA of the three criteria, and two were significant by two cribox is conserved among all eukaryotes, a wide variety teria. of sequences can functionally replace a TATA box in Consistent with these top-scoring sequences repreyeast, at least in the experimental context of a plasmidsenting bona fide TATA boxes, they are among the highborne promoter (Singer et al., 1990) . Recently, however, est affinity sites selected by TBP in vitro from a pool of such sequences were found to be poorly conserved random oligonucleotides (Wong and Bateman, 1994). In addition, they are among a variety of sequences that support high levels of transcription in the context of a *Correspondence: bfp2@psu.edu Shown is the relationship of those 8-mer sequences (out of 1024 examined) that were significant by the following criteria: location, enriched in the Ϫ200 to Ϫ50 region relative to the surrounding Ϫ1000 to Ϫ200 plus Ϫ50 to Ϫ1 regions (P-value Ͻ 0.001); conservation, perfectly conserved in both alignment and sequence among four Saccharomyces sensu stricto species (P-value Ͻ 0.01); and coregulation, enriched in the Ϫ200 to Ϫ50 region of genes sensitive to mutations (V161E and V71E) on TBP's DNA binding surface compared to the same region of insensitive genes (P-value Ͻ 0.0001). Significance values are presented in Supplemental Table S1 (available on Cell website). (B) Distribution of the TATATAAA and TATATAAT 8-mer sequences along the upstream region of all S. cerevisiae ORFs. Location is relative to the ATG translational start codon. The frequency (percentage) of occurrence of each sequence in 50 bp intervals is plotted. "Random" denotes the combined average of twenty randomly selected 8-mers. 1988; Harbury and Struhl, 1989) . However, no previous study distinguished these six sequences from a variety tional sequence became enriched, by all three criteria, to a significance level comparable to the six identified of other "TATA-like" sequences, which can behave like TATA boxes in certain assays, but are not generally above (Supplemental Tables S1D-S1F available on Cell website). The fact that the eight sequences form a com-utilized by chromosomal genes.
plasmid-borne reporter gene, in vivo (Chen and Struhl, of the cohort, allowing the first half to vary (i.e., NNNN (A/T)A(A/T)(A/G)) and repeated the analyses. No addi-
The top six sequences form a cohort of the eight-plete consensus, and that no other consensus sequence was apparent, indicates that the consensus is fully de-member consensus TATA(A/T)A(A/T)(A/G). Two missing members are TATA(A/T)ATG. This sequence ends in an fined and that there are unlikely to be other major TATA box sequences. Minor variants, however, are likely. In ATG translational start codon, and thus is expected to be underrepresented in promoters. Since it is nevertheless comparison to the 72 previously identified DNA motifs conserved among Saccharomyces species (Kellis et al., part of the larger consensus that avidly binds TBP, this sequence was included in the TATA consensus, al-2003), this TATA box consensus ranks fifth (MCS ϭ 20) in terms of conservation, indicating that it is highly though it is rarely used.
To be certain all possible TATA-like sequences were conserved. Why it went previously undetected is not clear. considered, we used the consensus of the second half It is striking that the eighth position of the TATA box, which had largely been considered irrelevant, depended al., 2003) were definitively classified as TATA-con-taining. Less than 2% of all genes contained two or more Chromatin immunoprecipitation (ChIP) studies demnonoverlapping TATA boxes. These strict estimates are onstrate that TBP occupies both TATA-containing and in contrast to prevailing views that most yeast genes TATA-less promoters (Kuras and Struhl, 1999 ; Li et al., contain TATA boxes and in multiple copies. The discrep-1999). At TATA-less promoters, other factors might staancy might be due to biased estimates based upon a bilize TBP binding resulting in a diminished dependency small number of well-studied genes, chosen based upon on TATA but not diminished occupancy. To assess TBP properties that tend to be associated with TATA-conoccupancy at TATA-containing and TATA-less promottaining genes (see below). ers genome-wide, ChIP experiments were performed on To experimentally assess the physiological signifia strain containing HA-tagged TBP. The resulting TBPcance of the assigned TATA boxes, we examined whether crosslinked DNAs were identified by hybridization to TATA-containing genes were particularly sensitive to intergenic microarrays. Data were normalized to unenmutations along TBP's DNA binding surface. Although riched input DNA cohybridized to the same microarray both TATA-containing and TATA-less promoters are chip. These chip-on-chip data were highly reproducible likely to bind TBP, and require TBP for expression, we as shown in Figure 3A . Using a control untagged strain reasoned that genes having a TATA-box are likely to be as a measure of background (also shown in Figure 3A ), more dependent upon TBP/DNA interactions, and thus about 9% of the genome had TBP occupancy that was would be more sensitive to mutations along TBP's DNA measurable above background. Complete data sets are binding surface. 5714 S. cerevisiae genes were sorted available in Supplemental Table S3 (available on Cell by their expression sensitivity to dominant mutations website). (V71E and V161E) along the DNA binding surface of TBP.
TATA-Containing Genes Comprise Approximately 19% of the Yeast Genome
For further analysis, we focused on genes that did not Sliding 200 gene windows across the data set were share an upstream region with another gene (i.e., we examined. For each window, the percentage of genes examined genes transcribed in the same direction as containing a properly located and conserved TATA box the adjacent upstream gene), so that TBP occupancy was plotted as a function of average TBP sensitivity could be unambiguously assigned to one gene for each (fold change in gene expression). As shown in Figure intergenic region. Of these 2369 genes, 9% displayed 2A, more than 50% of the most TBP-sensitive genes higher TBP occupancy in its upstream intergenic region were classified as TATA-containing, while Ͻ8% of the than the control untagged set, which is no different than least TBP-sensitive genes were designated as TATAthe entire genome-wide set. When further subdivided containing. Therefore, genes identified solely on the criinto TATA-containing/TATA-less groups or SAGA-/TFIIDteria of having an optimally located conserved consendominated groups (Huisinga and Pugh, 2004), all had sus TATA box were highly sensitive to TBP DNA binding similar percentages of genes with high TBP occupancy mutants, experimentally verifying that bona fide TATA- (Table 2) , which confirms that TBP occupies both TATAcontaining genes were identified. containing and TATA-less promoters, and does so re-As a second means of validating the correct assigngardless of whether TFIID or SAGA is involved. In conment of TATA-containing genes, we examined whether trast and in line with previous reports on selected genes a TATA box consensus was a useful predictor that an (Kuras and Struhl, 1999; Li et al., 1999) , few lowly tranadjacent open reading frame was a bona fide gene. We scribed genes had high TBP occupancy, while many calculated the frequency of TATA-containing genes as highly transcribed genes had high TBP occupancy. a function of gene quality ("geneness", Lieb et al., 2001), However, when examined over an entire data set (2005 which takes into account codon usage, MIPs classificagenes), the trend was modest ( Figure 3B ), suggesting tion, expression data, and other criteria. As shown in that at most genes TBP occupancy level is not the prime Figure 2B , the percentage of TATA-containing genes determinant of transcription frequency. drops precipitously as the gene quality score decreases below zero. This correlation demonstrates that the TATA TATA-Containing Genes Are Highly Regulated by box consensus is preferentially associated with func-Nucleosomal and TBP-Targeted Mechanisms tional genes and thus is likely to be functional as well.
The final goal of this study was to determine whether Since genes that were particularly sensitive to muta-TATA-containing and TATA-less genes are distinctly tions along TBP's DNA binding surface displayed a regulated. We examined whether the two classes of strong tendency toward having a TATA box (Figure 2A) , genes differ in a variety of gene properties (e.g., genomic we used this sensitivity as criteria for identifying addilocation, expression level, responsiveness to stress, and tional S. cerevisiae genes that are likely to have a TATA regulation). Genes were sorted by their property value, box, but did not meet the strict conservation and locaand 200 gene-sliding windows across each data set tion criteria, described above. Typically, for these genes were examined. For each window, the percentage of one to three of the four orthologous upstream regions genes regarded as TATA-containing was plotted as a among the Saccharomyces sensu stricto species confunction of the window's average property value. Sevtained a consensus TATA box and/or a single nucleotide eral notable relationships are presented in Figure 4 . variant. These single nucleotide variants might repre-P-values associated with the relationships and addisent sequencing errors or rarely used bona fide TATA tional comparisons can be found in Supplemental Table  boxes . Utilizing this TBP coregulation criteria, an addi-S4 (available on Cell website). Curves that significantly tional 318 genes were designated as TATA-containing, exceed the genome-wide average of 19% reflect a tenbringing the total estimate of TATA-containing genes to dency for those genes to have a TATA box. Curves that 1081 (19% of the genome). The remainder, approxidip significantly below 19% reflect a greater tendency mately 80% of the genome, is therefore classified as TATA-less.
for those genes to be TATA-less. When gene location along chromosomes was exam-region, might be highly evolving as well. To address this possibility, we examined a gene expression data set ined, a relatively high frequency of TATA-containing genes were found within 30 kilobases of telomeres (Fig-that compared genome-wide expression in a strain subjected to glucose-limited growth for 250-500 genera-ure 4A). The greater dependency of genes in this region on TATA boxes might reflect a greater need to counter-tions to a strain grown for 10-15 generations under identical conditions (Ferea et al., 1999) . As shown in Figure act histone-mediated repression, which predominates in subtelomeric regions. Recently, subtelomeric regions 4B, genes whose regulation evolved the most to accommodate the long-term limiting carbon source displayed have been found to be highly evolving compared to the rest of the genome (Kellis et al., 2003 ), suggesting that a strong bias toward having a TATA box. This raises the intriguing possibility that genes, which are under TATA-containing promoters, which are prevalent in this , which is consistent with the anecdotal observations that housekeeping genes tend to be TATA-less. It is generally thought, but has not been verified on a genome-wide scale, that transcription is restricted in large part by nucleosomal occlusion of the TATA box (Struhl, 1999) , and that the highly regulated amino terminal tails of histones H3 and H4 play an important role in regulating TATA box accessibility. Consistent with this notion, genes that are inhibited most by either histone H3 or H4 tails (i.e., derepressed upon tail deletion) showed a strong tendency toward having a TATA box (Figures 4E and 4F) . conditions of the ChIP assay, were used (data not shown).
General transcriptional regulators can be classified into three broad groups: those that regulate chromatin, TBP, and pol II. We examined transcriptional regulators selective evolutionary pressure, tend to utilize a TATA box, perhaps reflecting the need for greater flexibility belonging to each of these groups to ascertain whether any displayed a preference to regulate TATA-containing in gene expression. Consistent with this notion, TATAcontaining genes tend to be among the most and least versus TATA-less genes. When a variety of chromatin regulators were examined, we saw four general types expressed genes transcribed by Pol II (Figure 4C) . We next looked for differential sensitivity of TATA-of response, reflecting a tendency of individual factors to preferentially regulate TATA-containing promoters ei-containing and TATA-less genes to environmental stress factors such as heat and starvation. In all cases, genes ther positively, negatively, both, or neither compared to TATA-less genes ( Figure 4F) . In general, TATA-con-that were most upregulated during heat stress, diauxic shift, or sporulation were strongly biased toward the taining genes appear to be subjected to greater regulation by specific chromatin remodeling factors than TATA-containing class (Figure 4D, right side) . The same was not observed for stress-inhibited genes (Figure 4D , TATA-less genes, which is consistent with greater nucleosomal regulation of TATA-containing genes. left side). In fact, 50% (P-value Ͻ 10 Ϫ35 ) of the genes previously designated as induced during a wide variety Next, TBP regulators were examined, including the TAF1 subunit of TFIID, the Spt3 subunit of SAGA, the of environmental stresses (part of the Common Environ- (Holstege et al., 1998); and (H) tfa1-1, srb5-⌬1, srb10-3, and med6 ts (Holstege et al., 1998 Figure 4G , Bur6, or TBP interactions at F182 were found to be highly enriched in the TATA-containing class (Figure 4G) , as much as 70% of TAF-independent genes were TATAcontaining. In contrast, TAF1-dependent genes were suggesting that Mot1 and NC2 selectively target TATAcontaining but not TATA-less genes for negative regula-biased toward being TATA-less ( Figure 4G, left 
side of curve). Similar results were obtained with other TAF sub-tion. This is consistent with findings that Mot1 does not inhibit transcription directed by TFIID (Chicca et units of TFIID (Supplemental Figure S3 and Supplemental Table S4 available on Cell website). The direct rela-al., 1998), and that positive transcriptional regulation by SAGA is highly correlated with negative regulation by tionship between TAF-independency and the presence of a TATA box suggests that TFIID functions largely, Mot1 and NC2 (Huisinga and Pugh, 2004).
We examined a number of pol II regulators including although not exclusively, at TATA-less promoters, perhaps to stabilize TBP binding in lieu of a TATA box. In TFIIE, Srb5, Srb10, and Med6. With the exception of Srb10 (and Med2, data not shown), none of these factors contrast to TFIID, Spt3-dependent genes had a high proportion designated as TATA-containing ( Figure 4G , displayed the type of biased regulation observed with TBP regulators and is consistent with the involvement left side of the spt3⌬ curve). Since both TAF1 and Spt3 are thought to direct TBP to promoters, these findings of these general transcription factors in the expression of genes regardless of whether they have a TATA box. suggest that TFIID predominantly delivers TBP to TATAless promoters, whereas SAGA predominantly delivers Genes negatively regulated by the Srb10 subunit of the mediator contained a high proportion of TATA boxes. TBP to TATA-containing promoters. However, it is clear that each can partially compensate for the loss of the This is consistent with Srb10's role in downregulating stress-induced genes (Holstege et al., 1998) , which we other at most if not all genes (Huisinga and Pugh, 2004;  Lee et al., 2000) , indicating that TFIID and SAGA are not find to be largely TATA-containing ( Figure 4D) . Taken together, a variety of genome-wide expression studies restricted to their predominant target genes.
paint a common theme of TATA-containing promoters being involved in stress responses and highly regulated in ways that are consistent with how the relevant transcriptional regulators work. This remarkable concordance provides further support for the correct assignment of TATA-containing and TATA-less genes
The TATA Box and SAGA Are Tightly Connected to Stress Responses Revealing a Bipolar Genome Findings presented in Huisinga and Pugh (2004) indicate that the yeast genome may have two distinct gene regulatory objectives. A small portion of the genome ‫)%01ف(‬ appears to be dedicated to a variety of stress responses and is highly regulated by a variety of chromatin, TBP, and pol II regulators, whereas a large portion (90%) appears to play a housekeeping role and is generally less regulated. As shown in Figure 5A , a Venn diagram reveals a significant overlap between SAGA regulation and the presence of a TATA box, which significantly overlap with genes that are commonly induced by a variety of environmental stresses. As these general stressinduced genes exclude stress-specific genes, it is likely that other SAGA-and/or TATA-regulated genes respond to specific stresses.
These SAGA/TATA/stress and TFIID/TATA-less/housekeeping relationships are further borne out upon comparison to published promoter occupancy (ChIP) data (Table 3 ). Of the genes that have been previously designated as TFIID-regulated or SAGA-regulated/TAF-independent by ChIP, 36 out of 37 had a corresponding match as either TATA-less or TATA-containing, respectively. Most of the SAGA-regulated/TAF-independent genes also appeared to be involved in a variety of stress responses (e.g., heat, osmotic, sporulation, and carbon, nitrogen, or phosphorous starvation). Therefore, both expression and direct binding assays confirm the association of SAGA with TATA boxes and stress, and TFIID with TATA-less promoters and housekeeping functions.
To further examine whether the yeast genome is partitioned into two distinct regulatory extremes, cluster analysis was performed on all genes (rows in Figure 5B ), comparing stress responses, dependency on various general transcriptional regulators, and the presence or absence of a TATA box (columns). A K-means algorithm was used to generate two, three, and four clusters of genes. The predominantly red clusters reflect those genes that tend to be stress-induced, but are otherwise negatively regulated by chromatin-and TBP-directed (with the exception of Bdf1). These findings suggest that regulation of most yeast genes can be described by stress or is stress-inhibited, and displays less depen- When compared to TATA-less genes, TATA-cona The data source is the same as in Table 2 and Pugh, 2004) reveal a bipolar yeast genome having two major regulatory objectives. The first is devoted to basic housekeeping functions of the cell (e.g., protein synthesis, cell growth, and general metabolism). Being varying contributions of two distinct mechanisms. One mechanism is induced by stress with the aid of SAGA expressed at near steady levels, housekeeping genes might require little regulation, and a simple activator/ and a TATA box (among other factors), but is otherwise inhibited by certain regulators of chromatin, TBP, and TFIID/polymerase architecture might suffice. It is also reasonable to expect that the entire genome is arranged pol II. The other mechanism is generally unaffected by sequences. This covers all variants except in the first through fourth , 1999) . N is the number of times the element(s) appears in the IN or OUT  Conservation  region for a particular gene. R, C, and T represent row, column, , 2004; Lee et al., 2000) .
bers of the TATA(A/T)(A/T)A(A/T)(A/G) consensus se-
In the fifth constraint, we examined whether any of the 8-mer se-
The second major regulatory objective is to contend quences were enriched in the upstream region of genes whose expression is particularly sensitive to TBP mutations that disrupt with environmental stress, such as that imposed by envi- top scoring sequence in each round. This iterative process was performed to eliminate those 8-mer sequences that scored high by Experimental Procedures virtue of physically overlapping or "tagging along" with higher scoring 8-mer sequences. P-values are also reported and were adjusted Rationale for Imposing Constraints on Putative using the step-down Bonferroni procedure.
From this perspective, it is important to emphasize two points. First, our findings suggest that most gene regulation involves contributions from both regulatory

TATA Box Sequences
The Mantel-Haenszel test involved constructing a two-way contin-Length gency tables for all possible gene and 8-mer combinations. An Typical reported consensus sequences for a TATA box are about example of a contingency table for one gene is shown in Table 4 . 
5-6 base pairs in length (
Conservation of 1024 8-mers across Four Sensu Stricto
filtered to remove any signal that was less then one standard deviation above local background. Three replicates were performed and Saccharomyces species 3523 intergenic ClustalW alignments for S. cerevisiae, S. bayanus, their log 2 ratios (enriched/input) were averaged. S. kudriavzevii, and S. mikatae were from Cliften et al. (2003) . The number of times that an 8-mer sequences was found ("Total") in
